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Abstract:  A conventional approach to model the regional economic impacts of a catastrophic 
disaster has been to employ the results from an engineering model, such as lifeline network 
model, in an economic model, for example input-output framework or computable general 
equilibrium model.  However, due to the differences in modeling scheme between economic and 
engineering models, this type of data feed creates problems regarding sensitivity and dynamics 
of the impacts.  In this paper, Sequential Interindustry Model (SIM) is used to disaggregate the 
process of production chronology to become more sensitive to the changes/damages of economic 
activities under a disaster situation.  SIM is particularly useful to simulate the dynamic processes 
of impact propagation and of structural changes after a catastrophic disaster.  In this paper, the 




 The damages and losses by disasters, such as earthquakes, floods, tornadoes, and other 
major natural disasters, or man-made disasters, have significant and intense impacts on a region's 
economy.  In addition, the impacts from the damages will spread over time, and will bring 
serious economic effects to other regions in a long run.  Furthermore, the impacts of disasters are 
very complex, including not only the negative effects from damages and losses, but also the 
positive economic effects from the recovery and reconstruction activities.  Most economic 
models and techniques cannot confront these significant changes in a relatively short time period, 
since they assume incremental, and/or predictable changes in systems over time.  And, the 
unexpected nature of these events, especially in the case of earthquakes, creates a further 
complication of measuring the indirect impacts (Okuyama et al., 2002).  At the same time, most 
available data for direct damage and losses and of recovery processes are engineering oriented, 
i.e. physical damages and disruption of lifelines and their repair and restoration, and the 
dimension and unit of these data are quite different from the economic counterpart—very 
detailed and short time span in engineering data while aggregated and longer time span in 
economic models.  Consequently, these differences pose great challenges in order to model 
economic impacts of disasters. 
 While the economic modeling issues for measuring such disruptions and the impacts are 
more complex (for an excellent summary, see West and Lenze, 1994), the questions of the 
potential economic effects of a disaster have been studies and discussed in various aspects (for 
example, Cochrane, 1974; National Science of Academy, 1978; Chang, 1983; Ellson et al., 1984; 
and Guimaraes et al., 1993, among others).  Input-output analysis has been employed in many 
studies to measure and evaluate the economic impacts of disasters, mainly because of the ability 
to reflect the structure of regional economy in great detail (for example, Cochrane, 1974, 1995, 
and 1999; Wilson, 1982; Kawashima et al., 1991; Boisverst, 1992; Gordon and Richardson, 
1996; Cole, 1997; Rose et al., 1997; Rose and Benavides, 1998; Okuyama et al., 1999a, among 
others).  Whereas they provide useful information regarding the economic impacts and 
consequences and about the resource allocation strategies to minimize the losses and impacts, 
many of these studies have failed to investigate the dynamic nature of impact path over space 
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and time, due mainly to the difficulties to obtain such data and partly to the static nature of input-
output framework. 
This is an inherent problem for impact analysis of disasters; as West and Lenz (1994) 
pointed out, the sophisticated regional impact models requiring precise numerical input have to 
be reconciled with imperfect measurements of the damages and losses.  Moreover, measuring the 
economic effects of a disaster poses a great challenge for modeling the event per se and its 
consequences—damages and losses occur across various geographical areas and in a relatively 
short period of time, while the economic effects spread over a larger region (and, sometimes, 
other regions, too) and, in some cases, may last for a relatively long period of time.  In addition, 
it presents complexities to link a physical/engineering nature of damages and losses with an 
economic model, in which the degree of details is widely different from direct damage data.  
Several attempts have been made to combine the engineering data (sometime models) with 
aggregated economic model.  The most common way to connect damages and losses from a 
disaster and its economic consequences is to directly input the engineering results into an 
economic model (for example, Rose et al., 1997 and Rose and Benavides, 1998, for modeling the 
economic impacts of electricity lifeline disruption in Memphis area due to a hypothetical 
catastrophic earthquake).  This approach is relatively simple in terms of modeling strategy and 
requires less modification to the original models; however, it has no dynamic interactions 
(feedbacks) between engineering and economic models and it may create problems in terms of 
sensitivity differences between engineering scenario and economic results. 
More engineering oriented approaches (or, hybrid approaches combining engineering 
model and economic model) to measure the economic effects of a disaster have been 
implemented in recent years (for example, Chang et al. 1999; Okuyama et al. 1999b; and Cho et 
al., 2001).  While the connection between engineering and economics components becomes 
closer and enables feedback between them, these models become either highly aggregated and 
complex (Okuyama et al. and Cho et al.) or simple but less flexible in terms of economic 
component (Chang et al.), and have common difficulties in data availability.  More 
comprehensive approach to measure overall impacts of a disaster can be found in HAZUS 
software developed by National Institute of Building Science.  Using the Geographic 
Information System (GIS) as the user interface, HAZUS includes a wide range of related 
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modules, from geological and direct physical damage modules to lifeline-utility system and 
indirect economic losses modules, in order to estimate the effects of a natural hazard in a 
comprehensive fashion.  While the strategy and structure of the indirect economic losses module 
in HAZUS (see Cochrane, 1997, and 1999 for the details) are similar to Rose et al. and Rose and 
Benavides’ models above in the sense that these models employ input-output framework with 
supply/capacity constraints, it is tailored to deal with smaller geographical areas (county-level) 
and to include time dimension for more detailed analysis of the recovery process.  However, the 
links between the indirect economic losses module and other engineering modules, such as 
lifeline-utility systems module, are less clear, and the time dimension implemented in the 
indirect economic loss module is rather ad hoc1. 
 In order for attempting to incorporate with the sensitivity of engineering model/data for 
the damages and disruptions of a disaster, Sequential Interindustry Model (SIM), introduced by 
Levine and Romanoff (1989), Romanoff (1984) and Romanoff and Levine (1977, 1981, 1986, 
1990a, 1990b, 1991, and 1993) is employed in this study to investigate the dynamic process of 
the impact paths and recovery process of a disaster while maintaining the simplicity of input-
output framework.  The SIM framework turns the static framework of standard input-output table 
into a dynamic formulation, incorporating with production chronology.  This framework of SIM 
is particularly useful to simulate the dynamic process of impact propagation and recovery 
process after a disaster in short and long runs.  Moreover, the SIM provides an opportunity to 
connect the macroeconomic nature of input-output framework with the microeconomic process 
of production. 
 In the next section, a brief discussion of dynamic modeling based on the input-output 
framework and the analytical framework of SIM are presented and discussed.  Section 3 
discusses the advantages and issues for adopting the SIM framework to modeling economic 
impacts of a disaster.  In Section 4, the simulation model based on the SIM framework is 
presented and used for the sensitivity analysis of uncertainty.  Finally, Section 5 summarizes and 
concludes this paper, and addresses some future research needs for linking economic and 
engineering models. 
                                                 
1 In HAZUS99 Technical Manual (1999), the time dimension of the indirect economic losses module is described 
that for the first two months after an earthquake weekly time intervals are used; between two months and 24 months, 
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2. Modeling Dynamics of Interindustry Production Process: Sequential Interindustry 
Model 
Early interest in the dynamics of interindustry production within the framework of input-
output analysis can be seen in Goodwin (1947) and Leontief (1951).  These models were 
expanded by Dorfman, Samuelson, Solow (1958) and Kuenne (1963) and further advanced by 
Morishima (1964); and, these lines of analysis extended their attention to the integration with 
linear programming, and/or to Computable General Equilibrium (CGE) modeling to make the 
model more operational with the specific objective function (linear programming) and to 
incorporate with more theoretical underpinnings.  As a model become more sophisticated, 
however, the level of aggregation tends to be less detailed and the size of the model becomes 
larger, especially in the case of CGE models. 
As another line of the effort to make the static input-output framework a dynamic model, 
a dynamic version of input-output model was first introduced by Leontief (1953)2 and was 
modified in his 1970 study (Leontief, 1970).  The dynamic input-output model aims to analyze 
and determine the structural and the technological changes of an economy (or economies) by 
including an intertemporal mechanism of capital accumulation.  Leontief (1970) developed a 
discrete approximation of model using a system of difference equations with dated technical 
matrices reflecting structural change in an economy: 
 ( )t t t t+1 t+1 t tx = A x + C x - x + f  (1) 
where ( )t+1 t+1 tC x - x  represents the investment requirements in addition to productive stock 
during t  and 1t +  in order to expand their capacity output from tx  to t+1x .  The mathematical 
properties of this dynamic model have been studied by many (for example, Zaghini, 1971; 
Schinnar, 1978; de Mesnard, 1992; and Guangzhen, 1993, among others).  Leontief’s dynamic 
input-output model has a clear advantage to include the changes in flows and stocks (as a form of 
capital formulation), and can be suited to incorporate with damages to capital stock (production 
facilities) and flows (backward and forward linkages) from a disaster.  However, the model has 
                                                                                                                                                             
the economy is evaluated on a monthly basis; from two years to 15 years, the economy is evaluated annually. 
2 In his first model in 1953, Leontief formulated investment as the rate of change in required capital stock using the 
time derivative of total input vector: x = Ax + Cx + f . 
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been used in few empirical works in general due to various problems involved: first, the 
implementation of the dynamic model requires the assembly of capital requirement matrices that 
distinguish between replacement and expansion of the capital; and second, the model could 
produce implausible results due to its structure3. 
Based on a different approach to introduce a dynamic structure in the static input-output 
framework, a group of lagged input-output models with distributed activities were proposed (for 
example, ten Raa, 1986; and, Cole, 1988 and 1989).  Concerning the time used in production 
process and taking into account the time of labor market adjustment, among other things, these 
lagged input-output models aim to capture the process of impact (or growth) from a production 
expansion within the input-output framework.  The distributed activity model developed by ten 
Raa (1986) is based on the formulation of the Leontief’s dynamic input-output model, solving 
some of the drawbacks in that framework (singular capital structures, unbalanced growth, and 
different time profiles of investment) while preserving the formal structure and simplicity of the 
original Leontief dynamic model.  Ten Raa’s model is highly theoretical and aggregated, and few 
practical applications based on his formulation have been implemented.  On the other hand, 
Cole’s models (Cole, 1988 and 1989) are highly operational4 and are based on the empirical 
examples of western New York and of Aruba.  While Cole’s approach is highly practical for 
simulation type analysis, some theoretical and structural issues5 of them need to be addressed in 
                                                 
3 Leontief (1970) implemented his dynamic model using 1947 and 1958 US data, and it revealed the two major 
inherent drawbacks of the model, which could produce implausible results.  Leontief solved the model employing 
the backward-looking way--determine the final impacts first, and then solve the model for the requirements in 
previous years.  This backward-looking solution is stable, yet unrealistic, since it assumes that the economy has a 
perfect foresight of the future.  Although the forward-looking solution has been studied [Szyld (1985), Steenge 
(1990a), Heesterman (1990), and Steenge (1990b)], it has been found that a set of non-negative solutions for tx  
exists only if the initial conditions lie on the "balanced growth path".  This drawback comes from the assumption of 
full capacity utilization: the entire physical productive capacity will be utilized.  Another difficulty to derive the 
solution of the Leontief dynamic model is the singularity of the capital matrix, C .  As Duchin and Szyld (1985) 
pointed out, most theoretical works have been carried out based on the assumption that the C  matrix is invertible, 
whereas the C  matrix may be invariably singular, with rows of zeros corresponding to the sectors not producing 
durable goods.  In order to overcome these problems, Duchin and Szyld (1985) proposed the new formulation of the 
dynamic input-output model, and this formulation was used in Leontief and Duchin (1986) study.  More recently, 
Campisi and his colleagues developed a series of models based on the Duchin-Szyld  formulation, with an extension 
to multiregional context, and applied to the Italian economy (Campisi et al., 1990; Campisi, Nastasi, and Bella, 
1992; and Campisi and Nastasi. 1993). 
4 Some numerical examples for his models are presented in his 1997 paper (Cole, 1997) with some insights to 
further extend the input-output framework. 
5  Extensive discussions were made regarding the theoretical underpinning and the formulation of Cole’s models in 
Jackson et al. (1997), Cole (1997), Jackson and Madden (1999), Cole (1999), and Oosterhaven (2000). 
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order to be employed in more complicated application, such as this study.  As a similar approach 
but with more emphasis on production chronology, Romanoff and Levine introduced the 
Sequential Interindustry Model (SIM) in order to incorporate more engineering aspect of 
production process.  In the following part, SIM is presented and discussed. 
Sequential Interindustry Models 
Levine and Romanoff (1989), Romanoff (1984), and Romanoff and Levine (1977, 1981, 
1986, 1990a, 1990b, 1991, and 1993) introduced the Sequential Interindustry Model (SIM) in 
response to the need to analyze interindustry production in a dynamic economic environment, 
such as large construction projects where the effects on production and employment are 
transitory.  Assuming for simplicity that time is divided into discrete intervals of equal duration, 
the SIM enhances the static input-output model to the dynamic one by supplementing the 
structure of production with a production chronology.  In the SIM, production is not 
simultaneous as in the static input-output model, but rather occurs sequentially over a period of 
time (Romanoff and Levine, 1981).  The interval of an industry production process is divided 
into two components: the production interval and the shipment interval with inputs and product 
inventories, as illustrated in Figure 1.  In order to create the dynamics of SIM, a distinction is 
made among three events in a production process: demand stimulus occur when goods are 
ordered; yield or supply happens when goods are delivered; and production yield occurs when 
goods are produced.  In SIM, demand is not restricted to final demand but includes intermediate 
demand along the production sequences, as in the standard input-output framework.  Final 
demand stimulus is the ultimate system input, while final yield or final supply is the net system 
output. 
<< Insert Figure 1 here>> 
Determining the dynamics of interindustry production, two simplified production modes 
are proposed: anticipatory production mode and responsive production mode.  The anticipatory 
production mode is typical in agriculture and many manufacturing industries, in which the 
production is made in anticipation of future orders.  In this mode, producers’ specifications result 
in ready-made standards products and in holding product inventory.  On the other hand, 
responsive production takes place after the receipt of orders, responding to customers’ 
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specification by producing to meet the unique requirements, while product inventory is unlikely.  
This production mode is typical of some manufacturing, most of construction and ordnance 
industries, and most of services industries6 (Romanoff and Levine, 1981, and 1986). 
In the time-varying SIM, some specific time indices are defined (Romanoff and Levine, 
1990).  These are given in parentheses and pertain to production technique in use and to temporal 
events or intervals.  The time indices are: 
t : time interval of input application; 
σ : time interval of output or production completion; 
ijh : application period of an input from industry i  used by industry j , referenced 
from the initial application interval t , to product completion σ ; 
jh : production period of industry j , equivalent to the longest application period 
among ijh ; 
t σ− : input duration, indicating the period from an input application interval t  to the 
time of output completion, σ ,  measured backwards in time from σ (equal or longer than 
jh ); and 
ijφ : transportation delay associated with the shipment from industry i  to industry j , 
representing the components of the transportation delay matrix, Φ . 
The relation between these time indices and production interval (process) is shown in Figure 2. 
<<Insert Figure 2 here>> 
Anticipatory Production Mode 
Assuming just-in-time production on the input side (no input inventory), the input price 
from industry i  to j  is given by ( )i ijp t φ− , since the input price is determined at the time that it 
leaves supplying industry i .  The quantity of input from i  to j  is defined as ( ), ; ,ij t ijq tµ σ , 
                                                 
6 Most of services industries can be considered as just-in-time production mode, in which the production takes place 
and the goods delivered, as the order is placed—less time is needed for production comparing to manufacture and 
construction industries.  However, just-in-time production mode can be considered a special case of responsive 
production mode when ordering lead time and production interval are minimal, as shown in later part of this section. 
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processed by technology µ  at time t  in industry j  using input from i  in order to complete the 
product at σ .  The value of transaction form i  to j  is: 
 ( ) ( ) ( ), ,; , , ; ,ij t ij ij i ij ij t ijx t t p t q tµ φ σ φ µ σ− = − ⋅  (2) 
The total output of industry j , jx , completed at σ  is priced at the time of product completion 
for anticipatory production mode is: 
 ( ) ( ) ( ),j j jx p qσ σ σ σ= ⋅  (3) 
where ( )jq σ  is the quantity of output produced by j  at σ .  Using (2) and (3), the time-phased 
technical coefficients can be derived as follows: 




; , , ,
,
ij t ij ij






µ φ σ σ
σ σ
−
− =  (4) 
Romanoff and Levine (1990) claims that the coefficients represent the relative costing out of i  
for the production process of the schedule of j ; thus, in equilibrium, the coefficients sum to the 
technical coefficient in the static input-output framework over time for each i . 
 Total intermediate output produced by industry i  becomes: 
 ( ) ( ) ( ),, ; , , , ,i ij t ij ij jjw t t a t t xσ µ µ φ σ σ σ σ= − ⋅∑ ∑ ∑  (5) 
which is a generalized convolution indicating the dynamics of intermediate production.  Then, 
the accounting identity of industry i  will become as follows: 
 ( ) ( ) ( ) ( ) ( ),, ; , , , , , ,i ij t ij ij j i ijx t t a t t x u t t y t tσ µ µ φ σ σ σ σ= − ⋅ + +∑ ∑ ∑  (6) 
where ( ),iu t t  is the output to product inventory (adjusting the differences between anticipated 
output level and demand level) and ( ),iy t t  is the final demand for industry i .  Using matrix 
notation, Equation (6) becomes: 
 ( ) ( )( ) ( ) ( ) ( ), ; , , , , , ,t t t t t t t tσ φ σ σ σ σ= − ⋅ + +∑x A M x u yi  (7) 
where M  is the technology matrix, and ( )φ i  indicates the appropriate elements of the 
transportation delay matrix, Φ .  This formulation is a formally specified version of their simpler 
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version SIM (called Core SIM) presented in Romanoff (1984) and Romanoff and Levine (1981), 
with an exception of inventory.  If the function of inventory is included in Core SIM, it will 
become, in anticipatory production mode: 
 t σ t tx = Ax + u + y  (8) 
The major assumption in terms of inventory is that, unlike final demand that is exogenous of the 
system, inventory is an endogenous function based on inventory policies of anticipatory producer.  
In this regard, Romanoff and Levine (1990 and 1991) excluded the discussion on analysis of 
inventory management in SIM7. 
Responsive Production Mode 
 While producers’ price, ( )i ijp t φ− , may be better suited for anticipatory producers, they 
may also be applicable to responsive producers (Romanoff and Levine, 1990).  Therefore, 
Equation (2) holds also for responsive production mode.  What make responsive production 
mode different from anticipatory mode is in the time of output pricing, i.e., for responsive 
producers, the price of output is determined when an order is issued.  Hence, this ordering lead 
time, jε , is set ahead of beginning of the production interval, jh  from the production completion 
at σ .  Then, the total output of industry j  becomes: 
 ( ) ( ) ( ),j j j j j j jx h p h qσ σ ε σ ε σ− − = − −  (9) 
Consequently: 




; , , ,
,
ij t ij ij
ij t ij ij j j
j j j
x t t
a t t h
x h
µ φ σ
µ φ σ σ ε
σ σ ε
−
− − − =
− −
 (10) 
 The total output of responsive production mode is: 
 ( ) ( ) ( ) ( ),, ; , , , , ,i j j ij t ij ij j j j j j i j jjx t t h a t t h x h y t t hσ µε µ φ σ σ ε σ σ ε ε− − = − − − ⋅ − − + − −∑ ∑ ∑ (11) 
                                                 
7 Romanoff and Levine (1990) included some discussions about inventory modeling in SIM and pointed to their 
1977 paper for more discussion; however, at the time of writing, their 1977 paper was not available. 
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Note that responsive production mode is, of its nature, without production inventory8.  The 
corresponding matrix form is: 
 ( ) ( )( ) ( ) ( ), ; , , , , ,j j j j j j j jt t h t t h h t t hσε φ σ σ ε σ σ ε ε− − = − − − ⋅ − − + − −∑x A M x yi  (12) 
This formulation can also be compared to a simpler version in Core SIM, and corresponding 
responsive production mode in Core SIM can be re-written as: 
 t σ-h-ε tx = Ax + y  (13) 
Combined Anticipatory-Responsive Production Model 
 Since the input-output model is on interindustry framework, it is natural to assume that 
anticipatory production and responsive production industries are coupled with each other in the 
model.  The anticipatory production mode in (7) and the responsive production mode in (12) are 
distinguished in a way that the anticipatory mode does not require ordering lead time 
( 0j jh ε+ = ), whereas the responsive mode does not include the production inventory ( ( )u = 0i ).  
Therefore, the combined anticipatory-responsive model encompasses both properties as follows: 
 ( ) ( )( ) ( ) ( ) ( ), ; , , , , , ,j j j j j j j jt t h t t h h t t t t hσε φ σ σ ε σ σ ε ε− − = − − − ⋅ − − + + − −∑x A M x u yi (14) 
While this version of SIM combines the anticipatory mode and responsive production mode 
industries, each industry is classified into one of the production modes.  In the real world, some 
industries may produce their goods using a combination of these modes (for example, computer 
manufacturing industry that produces both pre-configured (with anticipation) and customer-
configured (by taking orders) computers).  Although this type of details becomes important in an 
analysis of specific industries, with the aim of modeling in a regional context, it is beyond the 
scope of this study. 
 
                                                 
8 For responsive production mode, it is more likely to have input inventory; however, in this formulation (Romanoff 
and Levine, 1990), assuming just-in-time production for simplicity, input inventory is not considered in either mode.  
However, the production inventory of anticipatory industries can work as the input inventory for responsive 
industries, although it may not fully reflect the complexity of real world production process. 
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3. Issues of SIM for Modeling Economic Impacts of Disasters 
In this section, modifications and extensions of SIM to link closer with engineering 
model are proposed and discussed.  In addition, some of the issues of modeling economic 
impacts of disasters, such as uncertainty, technology replacement, and inventory, are discussed 
for the use of the Sequential Interindustry Model (SIM). 
Compatibility with Engineering Models 
Originally, Sequential Interindustry Model (SIM) was developed by supplementing the 
structure of production with production chronology (Romanoff and Levine, 1981).  This 
inclusion of production chronology in the static input-output framework made possible to 
analyze lagged impacts, such as labor market expansions and man power issues (Romanoff, 
1984).  Production process, especially for most of manufacturing industries, is well represented 
in this SIM framework (with anticipatory production mode), and the framework was used in 
evaluating the impacts of large construction projects for its lagged impacts (with responsive 
production mode; Romanoff and Levine, 1990a).  This close representation of production 
scheduling made SIM coupled with engineering project scheduling methods, such as Critical 
Path Method (CPM) in order to analyze the dynamic economic impacts of a large, complex, and 
lengthy production, construction, and related macroengineering undertakings (Levine and 
Romanoff, 1989).  This feature of SIM is particularly useful and effective to model the dynamic 
process of recovery and reconstruction activities after a disaster.  The version of SIM presented 
in the paper is especially valuable for incorporating with various time schedule of production 
process (input application period, product completion period, order lead time, and transportation 
delay), production technology, and inventory, which may be different from before and/or may be 
fluctuating after a disaster. 
While SIM can deal well with engineering information regarding production scheduling 
and transportation delay, other engineering losses, such as disruption and/or fluctuation of 
lifelines, can be handled as capacity constraints.  In the standard input-output framework, 
capacity constraints can be imposed as supply constraint (shock) by rebalancing transaction 
matrix as in Cochrane (1997, and 1999) or by deriving final demand change from potential 
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output reductions as in Rose et al. (1997) and Rose and Benavides (1998).  Romanoff and Levine 
(1986) studied the capacity limitations with the use of inventory in the SIM framework; however, 
the formal representation of capacity limitation in their modified SIM was not explicit.  Another 
characteristic of lifeline losses is that the duration of the outages might be quite short, especially 
for power outage (a few weeks for full recovery of the entire system at longest), and it can be 
shorter than the production duration in the SIM framework for most industries.  Although some 
industries have a very short production period, the major assumptions9 of and the nature of SIM 
make difficult to incorporate with such short and fluctuating changes.  In this sense, SIM may 
need to be modified further to integrate with the damage data sensitive to a very short time 
period. 
Uncertainty 
One of the less-emphasized aspects in modeling economic impacts of a disaster is that the 
occurrence and the consequences involve uncertainty.  For example, the occurrence of the event 
is usually unpredictable, especially in the case of earthquakes, and this unpredictability creates a 
surprise effect for anticipatory production industries (Okuyama et al., 2001).  This surprise factor 
can be further analyzed with the inventory function in the SIM framework; for example, whether 
or not the built-up product inventory, which is suddenly realized right after the event, can be 
offset by the influx of demand injections for recovery and reconstruction activities over time, or 
how the damages and/or capacity limitation of product inventory can affect the production level 
after the event. 
Uncertainty after a disaster can be also dealt within the SIM framework.  Uncertainty 
arises after a disaster, because: first, the extent and range of direct damages are unknown right 
after the event; second, the trends of economic activities, especially the fluctuation of demand, 
become unclear in a short run; and, third, the influx of demand injections for recovery and 
reconstruction activities makes the long run forecast (anticipation) of economic growth in the 
region difficult.  These uncertainties after a disaster can be adopted in the SIM framework in the 
                                                 
9 Romanoff and Levine (1981) stated that two aspects of production interval are essential to the formulation of SIM: 
1) the industry production interval is the same for all industries and remains constant in time; and, 2) all industry 
production intervals are synchronized.  Although the first assumption of fixed production intervals are relaxed in 
their later model (Romanoff and Levine, 1986; the formal representation is not clear, though), the second 
assumption remains essential all versions of SIM. 
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way that some of the anticipatory production industries may not be able to anticipate the future 
intermediate demand stream and may decide the production level based on the current demand 
level.  Because of the difficulty to anticipate the future intermediate demand, the production 
inventory need play an important role.  On the other hand, while the recovery and reconstruction 
schedule will be likely available and these activities may become a large part of the economic 
activities for a while after the disaster, the degree of uncertainty over time requires a careful 
treatment. 
Technology Replacement 
Damages and losses from a disaster may become significant to the older structures and 
facilities.  These older structures and building are often equipped with older machines and 
production lines.  Or, even in newer buildings and facilities, older equipments may be damaged 
due to the mechanical fatigue of equipments.  After the disaster and during the recovery stage, 
these damaged equipments and production facilities are most likely replaced with new ones with 
newer technology.  Although these technology replacements may not take place all the facilities 
within a particular industry in the region, different from technological progress in a specific 
industry, it may become significant if the area with a disaster includes the concentration/cluster 
of a particular industry (for example, Chemical Shoes Industry located in Nagata Ward, Kobe in 
the Kobe Earthquake). 
Within the SIM framework presented in the previous section, this technology 
replacement is reflected in the time variant technology, ,t ijµ , and thus, the technical coefficient 
also becomes time variant, ( ), ; , , ,ij t ij ij j ja t t hµ φ σ σ ε− − −  in the combined model presented in 
Equation (14).  Romanoff and Levine (1990) discussed the issue of technical change in the SIM 
framework, with a simple example of “pure technical replacement” using a logistic function as 
the transition process.  While the logistic curve of technology transition is plausible under the 
normal circumstances of economic growth, in a disaster situation technology replacement may 
become rather arbitrary and exogenous of production schedule, depending mainly on the 
availability and schedule of replacement funds (insurance and/or savings).  In the current version 
of SIM, this technology replacement can be handled with the manipulation of time variant 
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technology, ,t ijµ , and its sensitivity analysis in terms of replacement timing may lead to some 
policy implications for the recovery and reconstruction process. 
Inventory 
One of the criticisms against the SIM framework is its “perfect knowledge” assumption 
(Mules, 1983), in which each sector is aware of both the direct and indirect demands made upon 
it as a result of any given initial impact.  Romanoff and Levine responded to include the 
inventory for the adjustment between anticipated demand and actual orders (Romanoff and 
Levine, 1990 and 1991).  This inventory is useful and more realistic than the perfect knowledge 
assumption, and the product inventory, ( ),t tu , is a function of the different inventory strategy 
among anticipatory industries (Romanoff and Levine, 1990).  This function of inventory in the 
SIM framework is particularly useful under a disaster situation.  As indicated in the discussion of 
uncertainty, product inventory becomes a key to analyze the surprise factor of an unexpected 
disaster and to investigate its adjustment role for the influx of demand injections for recovery 
and reconstruction activities.  In addition, some disasters may damage the inventory facilities; 
and, the analysis on the impacts of damaged inventory becomes possible with the SIM 
framework. 
However, this function of product inventory needs to be treated carefully in terms of its 
modeling structure.  A product flow to the product inventory occurs when the anticipated 
demand and actual orders/shipments do not match10.  However, the anticipated demand is used 
only for the production of intermediate goods; therefore, the following relationship should hold: 
 ˆ+σ t σAx u = Ax  (15) 
where σx  is the actual orders/shipments at σ  and ˆ σx  is the anticipated demand for σ  at t .  
However, an inherent problem of input-output framework arises in this equality: since input-
output framework is a flow (transaction) model, it does not include the concept of stock—
accumulation of flows.  And, inventory is a stock—accumulation of flows to the inventory 
including carry-over from the previous period.  The product inventory, tu , is the flow to the 
                                                 
10 This is a narrow definition of product inventory.  Some industries always keep a particular level of inventory as a 
part of the production strategy. 
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product inventory at t ; therefore, when actual order/shipment level, σx , is larger than the 
anticipated demand level, ˆ σx , some of the elements in tu  may become negative value.  This 
creates the problem in a flow model (while the equality of the formulation holds, there is no 
indication of actual inventory level); however, this is plausible in the stock model—the inventory 
level becomes lower due to the greater orders than anticipated/produced.  In this regard, the SIM 
framework needs to be further modified to incorporate with inventory stock. 
 
4. SIM and Simulation 
The theoretical formulations of SIM have been presented and discussed in the previous 
sections.  Numerical examples are still useful to illustrate how the model works and how 
sensitive the model is for a particular variable (or variables).  SIM has been presented with 
numerical simulations (Levine and Romanoff, 1989; Romanoff, 1984; and, Romanoff and 
Levine, 1981, and 1986), although the results from and the analysis of numerical examples and 
simulations require a careful treatment11.  In this section, a simple example used in Romanoff 
(1984) is employed for constructing a simulation model using systems analysis technique.  Once 
constructed, the simulation model is used to analyze the sensitivity of uncertainty after a disaster. 
Example Based on Romanoff 1984 
In this sub-section, a simple example employed in Romanoff, 1984 is introduced for 
creating a simulation model based on it.  Consider a simple one-region three-sector input-output 
model which has the transaction table shown in Figure 3 (the matrices of direct input coefficients 
and Leontief Inverse are presented in Appendix, A-1).  In this example, Sectors 1 and 2 are 
considered as anticipatory mode production, in which Sector 1 anticipates the intermediate 
demand from Sector 2 one period ahead and anticipates the intermediate demand from Sector 3 
two periods ahead, while Sector 2 anticipates Sector 3’s intermediate demand one period ahead 
(the production chronology (production digraph) is shown in A-2).  For simplicity, the final 
                                                 
11  Jackson and Madden (1999) warned the hazards of over-reliance on box-diagram conceptual frameworks and 
simulations in the absence of formal specifications, in response to Cole’s presentation of his models (Cole, 1997). 
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demand schedule is set as constant over time if no disaster occurs.  The unit of time can be a 
month, a quarter, or a half-year. 
<<Insert Figure 3 here>> 
For analyzing the trends of economic impacts of a disaster, the hypothetical scenario is set that a 
catastrophic disaster occurs in the beginning of the 5th period, and that final demand in each 
sector decreases 20% from the previous level and will start to regain at 3% increase from the 
previous level per period from 6th period as the recovery and reconstruction activities progress.  
The final demand schedule is shown in Table 1.  In addition, due to the uncertainty for 
anticipating the future trends imposed by the disaster, the anticipatory mode sectors (Sectors 1 
and 2) might adjust their anticipation practice to shorter period than before.  In this example, for 
production during Period 5, all the sectors can hardly foresee/anticipate the future demand 
schedule; therefore, it is assumed that they will anticipate the demand only the following period.  
Likewise, for the production in Period 6, the anticipatory sectors can only anticipate one period 
further.  From the production during Period 7, the anticipation of the future demand stream 
returns to the usual practice before the disaster.  Based on these assumptions, the estimated 
output level over time is shown in Table 2 (more details and further discussion on this example 
can be found in Okuyama et al., 2001). 
<<Insert Tables 1 and 2 here>> 
Simulation Model with Inventory 
The version of SIM used in Romanoff’s example (Romanoff, 1984) presented above is 
the Core SIM without the function of inventory for anticipatory production sectors in the 
extended SIM illustrated in the previous section of this paper.  The function of inventory 
becomes particularly important after a disaster, as discussed in Section 3.  In addition, input-
output framework is basically a flow model, while the function of inventory is considered as a 
stock.  Thus the model used in the above example is transformed to a simulation modeling 
including an inventory capability using systems analysis framework.  The systems analysis 
framework, especially based on the Forrester-type system dynamics (Forrester, 1968), is useful 
to model the changes in a dynamic system using both flow and stock functions. 
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Using programming software, Stella, the model with inventory is developed as shown in 
the diagram, Figure 4.  Here, the production level of each sector, ip , is determined by the final 
demand, iy , and anticipated intermediate based on the anticipated demand, ,j tky , to sector j .  
Then, completed products go in to the inventory12, iX , and consumed at the level of iX out .  
Because of the possible error made in anticipating the future final demand by Sectors 1 and 2, the 
difference between the production level and consumed level are calculated imposing random 
error terms ( 1errorT  and 2errorT , error term for one period anticipation and for two-period 
anticipation, respectively).  These error terms are either positive or negative (overestimation or 
underestimation of future demand) and are applied to Sectors 1 and 2 ( 1errorT  and 2errorT  for 
Sector 1 and 1errorT  for Sector 2). 
<<Insert Figure 4 here>> 
Sensitivity of Uncertainty to Inventory 
To investigate how uncertainty plays the role after a disaster in terms of inventory control 
in anticipatory sectors, the following three scenarios are presented for sensitivity analysis: 
Scenario A: Before the disaster, the inaccuracies of anticipation over one period and over 
two periods are set ± 2.5%, ± 5%, respectively; in Period 5, right after the event occurs, 
the inaccuracies increase up to ± 20% and ± 40%; then, the anticipation of future demand 
streams is somewhat improved after Period 6 but still not as good as before the event, and 
the inaccuracies are set ± 5% and ± 10%. 
Scenario B: The inaccuracies of anticipation over one period and two periods are the 
same as in Scenario A before the event and after Period 6; the inaccuracies in Period 5 
are improved than in Scenario A, to ± 10% and ± 20%, respectively. 
Scenario C: The inaccuracies during Period 5 further improve, now at ± 5% and ± 10%, 
respectively; the inaccuracies of other periods are the same as in Scenarios A and B. 
                                                 
12 Since Sector 3 is not an anticipatory production mode, Sector 3 should not have the inventory; however, due to the 
modeling rule in Stella, the box, 3X , needs to be placed.  3X  is always cleared at each period. 
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The initial inventory levels of Sectors 1 and 2 are set 2 units and 1 unit, respectively, indicating 
that since Sector 1 anticipates further ahead, the larger inventory capacity is necessary to 
accommodate the wider degree of fluctuation between anticipated and actual demand levels.  
Each scenario was run 30 times, and the average and standard deviation of the inventory level 
over time for Sectors 1 and 2 are calculated. 
Figures 5 and 6 show the trends of average and standard deviation of inventory level over 
30 simulation runs under Scenario A.  In volume term, the inventory levels for both Sectors 1 
and 2 jump up13 at Period 5 when the disaster occurs, and fluctuates but becomes steady after 
that in both inventories.  The standard deviations of both inventory levels display the similar 
trends to the average.  At Period 5, the standard deviations significantly increase, due to the 
uncertainty thus a large gap between anticipated and actual levels.  After Period 6, the standard 
deviations fluctuate and have the trend of slight increase.  Sector 1’s inventory (Inventory 1) has 
a larger increase than Sector 2’s at Period 5 and, in general, larger standard deviations 
throughout, due to the fact that Sector 1 anticipates further (two periods ahead) and that creates a 
larger variation in mis-anticipation level. 
<<Insert Figures 5 and 6 here>> 
Under Scenario B, the trends of averages and standard deviations become more stable 
(Figures 7 and 8).  For the trends of average, there are no significant jumps at Period 5 for the 
trends of average; this may be because the larger number of lower bound simulation results are 
included because of more accurate anticipation (lower inaccuracy rate at Period 5).  There are 
significant jumps at Period 5 for the trends of standard deviation, and, after Period 6, the 
standard deviations tend to increase, especially for Sector 1.  This steady increase in inventory 
level is rather inherent in the current model, since there is no inventory management strategy is 
programmed in this version. 
<<Insert Figures 7 and 8 here>> 
                                                 
13 This is due to the fact that the inventory level cannot become negative value in the model.  If the actual demand is 
larger than the sum of anticipated demand/production and the current inventory level, it will cause the supply 
constraint to the forward linkage industries; however, in this version of simulation model, there is no mechanism 
that can distribute the limited number of products under the supply constraint situation.  Therefore, only the 
simulation results in which the inventory level remains positive value are used for this display, indicating upper 
bound results. 
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In Scenario C, which has less uncertainty is assumed, the trends in Figure 9 and 10 
become much smoother for both average and standard deviation.  Unlike in Scenarios A and B, 
there is no significant increase at Period 5; only slight increase in slope for the standard 
deviations of the inventory level for Sectors 1 and 2.  The inventory levels are steady throughout 
the periods, indicating more accurate anticipation. 
<<Insert Figures 9 and 10 here>> 
Although these scenarios are rather simple, the role of information (uncertainty) after a 
disaster is revealed important; if the future version of the model includes the inventory 
management strategy and feedback mechanism to production process, and imposes the supply 
constraints for forward linkage sectors in the case of inventory exhaustion, it may derive a more 
accurate picture of the impacts to production process and of overall economic impacts. 
 
5. Summary and Conclusions 
In this paper, the Sequential Interindustry Model (SIM) framework is examined and 
discussed in order for the use in modeling economic impacts of disasters.  Because of its 
dynamic structure and adoption of production chronology, SIM can deal with many issues that 
other economic models may not, such as uncertainty, technology replacement, and inventory.  
The SIM framework also has more potential to link with engineering data and models for the 
damages and losses, since its original intents aims very closely to the evaluation of engineering 
processes and projects.  Although further theoretical development is necessary, especially for the 
formal representation of inventory function and its strategy and for the adoption to the situations 
of demand/supply constraint, the SIM framework is flexible enough to deal with many different 
situations and scenarios in an empirical context. 
In order to further examine the economic impacts of disasters, the SIM framework has 
the potentials to cope with engineering models/data with further modifications.  The most 
promising potential of the SIM framework is to analyze the process of recovery and 
reconstruction process.  Since SIM was originally developed for evaluating large construction 
projects (Romanoff and Levine, 1990), the structure of SIM is suited to examine the rapid and 
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intense process of recovery and reconstruction after a disaster.  With a successful determination 
of inventory function, SIM can simulate the case of supply constraints under the influx of 
recovery activities (shortage of construction material, etc.) and can evaluate the labor market 
adjustment process (a large increase in labor supply during the recovery and reconstruction and 
sudden decrease after the completions).  The analysis of uncertainty after a disaster is also an 
important issue that SIM can handle well.  The simulation model constructed in this paper can be 
modified to use an empirical input-output data with a little effort, while the assignment of 
production mode across the industries and the determination of different inventory management 
strategies among anticipatory industries may pose some difficulties with more detailed data 
requirement. 
Directly connecting SIM with engineering models, such as lifeline network models, may 
be a difficult task, because the SIM framework is still considered as too aggregated in a sense 
that SIM cannot response to the damages of each factory in a region.  In order to connect SIM, 
probably indirectly, with engineering models and data, some interface module bridging SIM and 
engineering counterpart is necessary.  In the interface module, economic activities, of particular 
key industries, need to be modeled in order to be compatible with the dynamics of engineering 
process.  Using this interface module, SIM can analyze the critical timing/schedule of recovery 
process in terms of production chronology and interindustry relationship to minimize demand-
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Figure 1. Production Interval (after Romanoff and Levine, 1981) 
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 1 2 3 wi  yi  xi  
1 0 4 2 6 2 8 
2 0 0 6 6 6 12 
3 0 0 0 0 16 16 
uj  0 4 8 12 24 36 
vj  8 8 8 24 0 24 
xj  8 12 16 36 24  
Figure 3. Transaction Table (Romanoff, 1984) 
 
Table 1. Final Demand Schedule with a Catastrophic Disaster at Period 5 
period 
 1 2 3 4 5 6 7 8 9 10 11 12 13 
y1  2 2 2 2 1.60 1.65 1.70 1.75 1.80 1.85 1.91 1.97 2.03 
y2  6 6 6 6 4.80 4.94 5.09 5.25 5.40 5.56 5.73 5.90 6.08 
y3  16 16 16 16 12.80 13.18 13.85 13.99 14.41 14.84 15.28 15.74 16.21 
total 24 24 24 24 19.20 19.78 20.37 20.98 21.61 22.26 22.93 23.61 24.32 
 
Table 2. Output Level based on Anticipated Demand 
Period 
 1 2 3 4 5 6 7 8 9 10 
x1  8 8 8 8 6.59 6.94 7.20 7.42 7.64 7.87 
x2  12 12 12 12 9.89 10.34 10.65 10.97 11.3 11.63 
x3  16 16 16 16 13.18 13.58 13.99 14.41 14.84 15.28 
total 36 36 36 36 29.66 30.86 31.84 32.79 33.78 34.79 
 


































Figure 4. Diagram of Example Model with Inventory 
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Figure 6. Trends of Standard Deviation of Inventory Level under Scenario A 
 








1 2 3 4 5 6 7 8 9 10 11 12
Inventory 1 Inventory 2
 











1 2 3 4 5 6 7 8 9 10 11 12
Inventory 1 Inventory 2
 
Figure 8. Trends of Standard Deviation of Inventory Level under Scenario B 
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Figure 10. Trends of Standard Deviation of Inventory Level under Scenario C 
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A-2. Production Digraph (Romanoff, 1984) 
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